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Abstract

Rapid pathogen testing is vital to the food industry. Enzyme immunoassays (EIA) provide reliable negative results in 48 h, but a

presumptive positive (suspect) EIA result must be confirmed by traditional culture methods, requiring an additional 72 h. Polymerase chain

reaction (PCR) testing technology is accepted as an accurate diagnostic tool. However, traditional PCR techniques can require several days.

We sought to develop a rapid, real-time quantitative PCR technique for detecting Salmonella spp. in food products. Salmonella spp. was

inoculated into raw and ready-to-eat beef products. Total DNA was extracted and used as template for PCR amplification in the LightCycler

(Roche Diagnostics Corp., Idaho Technology Inc., Idaho Falls, ID) PCR instrument. Salmonella-specific PCR primers were designed to

amplify a 251 base pair product from the junction of SipB and SipC. Fluorescently-labeled hybridization probes were designed to anneal

to SipB and SipC. Salmonella was detected down to 1 colony forming unit/ml in food products. The results of real-time PCR correlated 100%

to those of visual immunoprecipitate and culture. PCR methods using the LightCycler can detect and confirm the presence or absence of

Salmonella spp. in raw and ready-to-eat beef products within 12 h with increased sensitivity compared to traditional culture and EIA

methods.
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1. Introduction

Food borne illnesses remain a major global health

problem. Disease outbreaks resulting from food borne

microbial pathogens result in economic losses for the food

industry and inflict significant damage to the public health

infrastructure. Rapid and accurate pathogen testing is vital in

the prevention of such outbreaks.

Salmonella infections are the second most common

cause of food borne illness in the United States. Approxi-

mately 1.4 million cases of salmonellosis are reported in the

U.S. each year, more than 500 of which are fatal [1]. The

prevention and treatment of this infectious disease has been

complicated by the ability of Salmonella to acquire

resistance to multiple antibiotics [2–8], and the lack of an

effective vaccine. In retail meats, 84% of Salmonella are

resistant to at least one antibiotic and 53% are resistant to at

least three antibiotics [9]. These factors have created a need

for a rapid, specific, and sensitive detection method for

Salmonella in contaminated food products.

A combination of enzyme immunoassays (EIA) and

culture methods are currently utilized in the testing of food

products for detecting Salmonella contamination. Using

EIA methods, reliable negative sample results can be

obtained within 48 h. However, a presumptive positive EIA

result must be confirmed by diagnostic culture, which

requires an additional 72 h.

Several polymerase chain reaction (PCR) tests to detect

Salmonella have been developed [2,10–14]. The recent

development and availability of rapid real-time thermo-

cyclers have allowed for advancement of traditional PCR

techniques. Conventional PCR techniques can require

several days and can only provide yes or no answers as to

the presence or absence of bacterial pathogens. On the other

hand, the testing of samples by real-time PCR with the use
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of fluorescent hybridization probes can be performed in less

than 12 h, and provide both qualitative and quantitative data

about the targeted pathogen in food samples. We report the

development of a real-time PCR technique for use in the

detection of Salmonella in raw and ready-to-eat beef

products.

2. Materials and methods

2.1. Sample preparation

Twenty-five gram samples of food products were

homogenized in 225 ml of buffered peptone water. For

raw meat samples, 4 ml of 0.1% novobiocin was added to

the media. Homogenates were incubated for 6 h at 35–

37 8C. Samples were removed from the incubator and a

15 ml aliquot of each sample was placed into a 15 ml

conical tube. The samples were then returned to the

incubator for later testing by visual immunoprecipitate

(VIP) and culture methods (see below). The 15 ml aliquots

were centrifuged at 2,500 £ g for 10 min. The supernatant

was discarded and the pellets were extracted with the

QIAGEN QIAmp DNA mini kit according to the manufac-

turer’s instructions (QIAGEN Inc., Valencia, CA).

2.2. PCR primers and hybridization probes

Oligonucleotides were designed to amplify a 251 base

pairs (bp) product spanning from base 2305 to base 2555 of

the sipB–sipC [2] region of the Salmonella genome

(GenBank Accession #U25631). The hybridization probes

anneal to the upper strand from positions 2464–2497

(upstream) and 2499–2531 (downstream). The sequence

and modifications of the primers and probes are presented in

Table 1.

2.3. PCR amplification

Three microliters of extracted DNA was used as template

for PCR amplification in the LightCycler PCR instrument

(U.S. patent 6,174,670; Roche Diagnostics Corp., Idaho

Technology Inc., Idaho Falls, ID). The amplification

mixture (20 ml final volume) contained the following

concentrations of reactants: 1 mM of each primer, 0.2 mM

upstream probe, 0.4 mM downstream probe, and 3.5 mM

MgCl. DNA master was added according to manufacturer’s

directions (Roche LightCycler-DNA master hybridization

probes kit). Each set of samples included a negative control

(in which deionized, distilled water was substituted for

sample). Master mix and extracted DNA were placed into a

capillary tube, sealed, centrifuged, (2000 £ g for 1 min) and

placed into the LightCycler carousel.

DNA was amplified as follows: 2 min at 95 8C, 45

heating/cooling cycles (each cycle being 0 s at 95 8C, 5 s at

53 8C with a single acquisition during each cycle, and 10 s at

72 8C). DNA was denatured from hybridization probes as

follows: 0 s at 95 8C, 15 s at 45 8C, and 0 s at 95 8C with a

0.1 8C/s slope and continuous acquisition. Cooling cycle

was 30 s at 40 8C.

2.4. Sensitivity assays

Sensitivity assays were designed to determine the limit

of detection in and out of food products. Before each

Table 1

PCR primers and hybridization probes

PCR primers

Forward: 50-ACAGCAAAATGCGGATGCTT-30

Reverse: 50-GCGCGCTCAGTGTAGGACTC-30

Hybridization probes

Upstream: 50-GCAATCCGTTAGCGCTAAAGATATTCTGAATAGT-

Fluorescein-30

Downstream: 50-LC RED 640-650TTGGTATTAGCAGCAGTAAAG-

TCAGTGACCTGG-Phos-30

GenBank Accession #U25631.

Table 2

Comparison of 12 h PCR to VIP and culture methods in cross-reactivity

tests

Sample ID PCR assay VIP assay Culture

(if VIP positive)

Bacillus cereus negative negative n/a

Citrobacter freundii negative negative n/a

Enterococcus faecalis negative negative n/a

Escherichia coli negative negative n/a

Escherichia coli O157:H7 negative negative n/a

Klebsiella pneumoniae negative negative n/a

Listeria innocua negative negative n/a

Listeria monocytogenes negative negative n/a

Pseudomonas aeruginosa negative negative n/a

Salmonella abaetatuba positive positive positive

Salmonella agona positive positive positive

Salmonella cholerasuis positive positive positive

Salmonella derby positive positive positive

Salmonella dublin positive positive positive

Salmonella enterica

serotype Typhimurium

positive positive positive

Salmonella enterica

serotype Typhimurium DT104

positive positive positive

Salmonella enteritidis positive positive positive

Salmonella heidelberg positive positive positive

Salmonella litchfield positive positive positive

Salmonella monterideo positive positive positive

Salmonella mueuchen positive positive positive

Salmonella newport positive positive positive

Salmonella ohio positive positive positive

Shigella flexneri negative negative n/a

Shigella sonnei negative negative n/a

Staphylococcus

aureus(coagulation þ)

negative negative n/a

VIP, visual immunoprecipitate.

J.L.E. Ellingson et al. / Molecular and Cellular Probes 18 (2004) 51–5752



experiment, Petroff-Hausser counts were done on a log

phase culture of Salmonella enterica ser. Abaetatuba. The

following concentrations of Salmonella abaetatuba were

added to 25 g of several different food products in 225 ml

buffered peptone water: 1 colony forming unit (CFU)/ml,

10, and 100 CFU/ml. The food products were mechanically

homogenized and aliquots were plated in duplicate on

xylose lysine desocholate agar. These plates and the

homogenized food products were placed into a 35–37 8C

incubator. After 6 h, the food products were concentrated

and the DNA was extracted using the method described

earlier and used as template in real-time PCR experiments.

The CFUs on desocholate plates were enumerated after

24 h.

2.5. Control Salmonella strains

Fifteen strains of Salmonella were obtained from the

United States Department of Agriculture. Other common

foodborne bacteria were tested for cross reactivity to the

hybridization probes (Table 2). All bacterial strains were

Fig. 1. Amplification and melting curves of 10 strains of Salmonella sp. (S. abaetatuba, S. agona, S. dublin, S. enteritidis, S. hadar, S. heidelberg, S. newport, S.

seftenberg, S. enterica serotype Typhimurium, and S. enterica serotype Typhimurium phasetype DT104). Identical melting curves were exhibited by 15/15

Salmonella strains, demonstrating the specificity of the hybridization probes for the SipB/C region sequence. Only the negative control exhibited no

amplification or melting curve. (A) Superimposed amplification curves of duplicate samples. (B) Superimposed melting curves for duplicate samples.
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grown up in brain-heart infusion both and extracted using

the method described above.

2.6. EIA and culture techniques

All samples were tested in accordance with the

instructions for VIP (AOAC Official Method: 999.09).

Samples that tested positive by the VIP method were

confirmed by traditional culture methods as described in the

Federal Drug Administration Bacteriological Analytical

Manual, 8th edition.

3. Results

3.1. Assay specificity

LightCycler hybridization probe PCR detected 15 of 15

different standard strains of Salmonella. Ten duplicate

assessments are shown in Fig. 1. The hybridization probes

did not anneal with any of the other bacterial species tested,

including Bacillus cereus, Citrobacter freundii, Enterococ-

cus faecalis, Escherichia coli, Escherichia coli O157:H7,

Klebsiella pneumoniae, Listeria innocua, Listeria mono-

cytogenes, Pseudomonas aeruginosa, Shigella flexneri,

Shigella sonnei and Staphylococcus aureus (coagulase þ )

(Table 2).

3.2. Suspected contaminated isolates

Twenty-six isolates presumptively identified as with

Salmonella from humans, cattle, and food products were

tested to further validate the utility of real-time PCR for

positive identification of suspected isolates of Salmonella.

These isolates were obtained from Marshfield Clinic/Saint

Joseph’s Hospital Joint Venture Laboratory, Marshfield

Clinic Laboratories Veterinary Laboratory, and Marshfield

Clinic Laboratories—Food Safety Services. Of these 26

isolates, 100% tested positive for Salmonella by real-time

PCR, VIP, and culture methods (Table 3).

3.3. Sensitivity tests

In previous tests, amplification and analysis revealed that

approximately six genomic equivalents of Salmonella

enterica ser. abaetatuba were within the range of detection

(Table 4, Fig. 2). Later experiments in spiked raw and

ready-to-eat beef products showed that 1 organism/ml of

Salmonella Abaetatuba can be detected after a 6 h

incubation and concentration step (Table 5, Fig. 3).

4. Discussion

The real-time PCR method described in this report is

ideal for rapid detection of Salmonella sp. in raw and ready-

to-eat meat products. This method dramatically reduces the

reporting time required for reporting detection results as

compared to standard EIA, diagnostic culture, and other

PCR methods. The fluorogenic probes utilized in the real-

time PCR proved to be species specific for Salmonella and

resulted in detection specificity that correlated 100% to

Table 3

Comparison of 12 h PCR to VIP and culture methods for detection of

Salmonella spp. in contaminated specimens and food products

Sample ID PCR assay VIP assay Culture

(if VIP positive)

Human positive positive positive

1 positive positive positive

2 positive positive positive

3 positive positive positive

4 positive positive positive

5 positive positive positive

6 positive positive positive

7 positive positive positive

Bovine

129 positive positive positive

130 positive positive positive

131 positive positive positive

132 positive positive positive

133 positive positive positive

134 positive positive positive

135 positive positive positive

136 positive positive positive

137 positive positive positive

Food

16158 [serogroup C2

and C3(O):210(H)]

positive positive positive

22312 positive positive positive

30977 positive positive positive

33982 positive positive positive

60738 [serogroup B(O):r(H)] positive positive positive

65552 [serogroup E1(O):poly

A–Z(H)]

positive positive positive

65572 [serogroup E1(O):poly

A–Z(H)]

positive positive positive

68528 [serogroup B(O):r(H)] positive positive positive

71541 [serogroup C1(O):poly

A–Z(H)]

positive positive positive

94844 [serogroup B(O):r(H)] positive positive positive

VIP, visual immunoprecipitate.

Table 4

Sensitivity tests using DNA extracted from cultured Salmonella Ser.

Abaetatuba

Plate

ID

Petroff–Hausser

count

Plate 1

CFUs/

100 ml

Plate 2

CFUs/

100 ml

Average Genomic

equivalents/

reaction

sal1 200 organisms 196 178 187 6

sal2 1000 organisms 778 703 740 23

sal3 1500 organisms 1076 1180 1132 34

sal4 2000 organisms 2468 1700 2084 63

sal5 3000 organisms 3472 3388 3430 103

CFU, colony forming units.
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those of EIA and culture methods (Tables 2 and 3). Results

for real-time PCR were obtained in 12 h as compared to 2–5

days for EIA and culture methods. The method described

also has the added advantage of being run on the

LightCycler. This instrument allows for reactions to be

monitored while amplification is taking place, and is

equipped with software that can quantify the number of

genomic equivalents in each reaction. The use of real-time

quantitative PCR with hybridization probes provided fast

and accurate detection of Salmonella species in food

Fig. 2. Amplification and melting curves showing the detection limits of LightCycler PCR for DNA prepared from cultured Salmonella ser. Abaetatuba. (A)

Superimposed amplification curves of duplicate samples (Table 4). (B) Superimposed melting curves for duplicate samples (Table 4).

Table 5

Sensitivity in ready-to-eat (RTE) and raw (R) beef products spiked with Salmonella ser. Abaetatuba after incubation and concentration

Plate ID Petroff–Hausser count Concentration of Salmonella (250 ml) Plate 1 (CFUs/0.5 ml) Plate 2 (CFUs/0.5 ml) Organisms/ml

RTE250 250 organisms 1 organism/ml 0 1 1

RTE2500 2500 organisms 10 organisms/ml 7 5 12

RTE25000 25,000 organisms 100 organisms/ml 42 67 109

R250 250 organisms 1 organism/ml 1 1 2

R2500 2500 organisms 10 organisms/ml 3 10 13

R25000 25,000 organisms 100 organisms/ml 56 38 94
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products with at least equal sensitivity and specificity as

currently used methods.

We believe that our method of PCR is more sensitive

because it requires fewer organisms for detection than EIA

or culture methods. It has been shown that EIA methods

require the presence of at least 103 organisms in order to be

able to detect Salmonella [15–17]. The PCR method

described in this report requires the presence of between

1–10 organisms for detection. Because this method requires

the presence of fewer organisms for detection, the enrich-

ment phase of our assay is considerably shorter.

The use of two fluorescently-labeled oligonucleotide

hybridization probes within the desired region of

amplification provided specific detection of Salmonella.

Because the hybridization probes are sequence-specific,

they are designed to anneal only to the target DNA

sequence. During the annealing step of PCR, the probes

hybridize to the target DNA sequence. Then the fluoro-

chrome on the 30 end of the first probe is excited by an

external light source. The close proximity (1 bp) of this first

fluorochrome to a second fluorochrome on the 50 end of a

second probe allows for the transfer of energy to take place.

The second probe then emits a measurable amount of light.

Because this measurable amount of light is proportional to

the amount of product being made, reaction progress can be

monitored during each run.

Fig. 3. Amplification and melting curves showing the detection limits of LightCycler PCR in raw and ready-to-eat beef products spiked with Salmonella ser.

Abaetatuba. (A) Superimposed amplification curves of duplicate samples (Table 5). (B) Superimposed melting curves for duplicate samples (Table 5).
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The use of hybridization probes in combination with

subsequent melting curve data aids in product confirmation.

A melting step can be performed at the end of amplification.

During this step the chamber heats slowly while continu-

ously obtaining fluorescence readings from each sample. A

drop in fluorescence will be detected as the lower melting

probe denatures from the amplified product. The fluor-

escence values are then plotted against temperature to

obtain the melting curve.

The ability to invade host cells is a key pathogenic factor

of Salmonella. The (Salmonella invasion proteins) SipB/C

region of the Salmonella genome has been previously shown

to encode for proteins that control the invasion of

Salmonella into host. The SipB/C-encoded proteins in

conjunction with other virulence factors enable Salmonella

to invade and damage host cells [18,19]. It was hypothesized

that these primer and probe sets would only detect invasive

strains of Salmonella. By focusing in on this group of strains

we eliminate possible positives from Salmonella that do not

have the ability to invade cells and cause disease [20].

5. Conclusions

As described in this paper, quantitative PCR methods

using the LightCycler can both detect and confirm the

presence or absence of Salmonella species within 12 h upon

receipt of sample, with increased sensitivity compared to the

currently used diagnostic culture and EIA methods. The

ability to receive Salmonella test results in a more timely

fashion will prevent recalls of contaminated products by

stopping the contaminated products from being introduced

into the marketplace. This will not only prevent many

people from becoming infected with Salmonella, it will also

benefit food manufacturing companies by extending their

product’s shelf-life by several days and saving them the cost

of warehousing their food products while awaiting pathogen

testing results.
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